Mushroom polysaccharide and the polysaccharideprotein complex (PPC) are known to possess immunomodulating effects, and two of them, lentinan (from Lentinus edodes) and sonifilan (from Schizophyllum commune), are used clinically in Japan.
1) It is generally accepted that polysaccharides enhance various immune responses in vivo and in vitro. Many researchers have also reported that mushroom polysaccharides in vivo enhanced immunoreactivity, including the activation of macrophages, cytotoxic T cells and natural killer (NK) cells. [2] [3] [4] In these processes, the various cytokines released from macrophages/monocytes may play an important role in the initial activation. Moreover, they are known to play critical roles in the induction, regulation, and expression of both humoral and cellular immune responses. For instance, macrophages release several mediators, including inflammatory cytokines, interleukine (IL)-1, IL-6 and tumor necrosis factor (TNF)-, and nitric oxide (NO). 5) These mediators induce the activation and differentiation of lymphocytes, and the proliferation of granulocytes, support enhanced cytotoxicity against tumor cells and accelerate immunoreactivity in vivo.
6) However, it is not clear what kind of activator or which components of infectious agents determine the different kinds of macrophage activation.
We have recently reported that 15 kDa PPC isolated from P. linteus enhanced the effect on tumor rejection through the activation of CD4 þ Th and cytotoxic CD8 þ T cells in vivo. Notably, regarding the anti-tumor activities, these immunostimulating activities of PPC might be related to the maturation of CD11c þ CD8 þ dendritic cells (DC) in lymphoid organs. 7) It has also been reported that the polysaccharide purified from the mycelial culture of P. linteus stimulated the proliferation of T lymphocytes and the humoral immune function including acting as a polyclonal activator of B cells, and inhibited tumor growth and metastasis. 8, 9) We now report the immunomodulatory effects of a novel PPC extracted from the fruiting body of P. linteus. In the present study, we investigated the effects of PPC on the y To whom correspondence should be addressed. Gi-Young Kim, PhD., Tel: +82-64-754-3427; Fax: +82-64-756-3493; E-mail:
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Materials and Methods
Materials. DEAE-cellulose, trifluoroacetic acid (TFA), bovine serum albumin (BSA), polymyxin B (PB), 2-mercaptoethanol and lipopolysaccharide (LPS) were purchased from Sigma (St. Louis, MO, USA) and the monosaccharide standards were from Merck (Germany). Fetal bovine serum and RPMI-1640 medium were purchased from (Gibco BRL, Grand Island, NY, USA). All others chemicals and reagents used were of analytical reagent grade.
Partial purification of PPC. The mushroom was extracted with water at 100 C for 3 h, the solid removed by centrifugation (5;000 Â g), and the supernatant precipitated with 4 times its volume of ethanol. The resulting precipitate was suspended in distilled water, exhaustively dialyzed against water, and then dried under vacuum to obtain crude PPC. This crude PPC was dissolved with water, and applied to a DEAE-cellulose column (3 Â 45 cm) equilibrated with distilled water.
Stepwise elution was performed with distilled water and a linear gradient of 2 M NaCl (0-2 M). The separated fractions were successively acquired in the 0.3 M NaCl. PPC was pooled and concentrated by ultrafiltration (ZM 50 membrane; Amicon), dialyzed by using a dialysis tube (MWCO; 12,000) for four days, and then freezedried. The second largest peak by gel-permeation chromatography was collected and lyophilized to obtain a partially purified PPC.
Polysaccharide content and analysis of monosaccharide. The carbohydrate concentration of PPC was determined by the phenol-sulfuric acid method, using D-glucose as the standard. 10) In addition to analyzing the monosaccharide constituents, 1 mg of protein-bound polysaccharide was hydrolyzed with 2 M trifluoroacetic acid (TFA) and evaporated. In order to detect the monosaccharides, a high-pressure liquid chromatography system (Waters, Milford, MA, USA) was used with a Sugar-Pak column (Milipore, Tokyo, Japan) and detected with a differential refractive index (RI) detector (RID-6A) at 80 C.
Protein content and analysis of hydrolysed amino acid. The protein concentration of PPC was determined using BSA as the standard. The protein concentration of each column fraction was determined by measuring the absorption at 280 nm. The amino acids in PPC were determined with a Biochrom 20 amino acid analyzer (Pharmacia, Fullerton, CA, USA) by using the acid hydrolysis and ninhydrin procedure. The hydrolysis of PPC (5 mg) was performed in a sealed ampoule for 24 h at 110 C, using 1 ml of 6 M HCl containing 5 mg/ml of 3 H]-thymidine (TdR) incorporated into the cells was measured by using a Microbeta scintillation counter (Wallac, Turku, Finland). In a parallel experiment, T and B cells were isolated with a MACS column (Miltenyi Biotec, Germany) by passing through mononuclear cells from C57BL/6 mice. These T and B cells were mainly composed of CD3 þ cells (>93%) and B220/CD45R (>96%).
Preparation of macrophages and cytotoxicity against B16 melanoma cells. Peritoneal macrophages were isolated from C57BL/6 mice of 6 to 8 weeks old which had been injected intraperitoneally with 3 ml of thioglycollate 3 days prior to peritoneal lavage with 10 ml of Hank's balanced salt solution (HBSS, Sigma). The collected cells were washed twice with HBSS and then cultured in RPMI 1640 containing 10% heat-inactivated FBS, 1 mM glutamine, 100 IU/ml of penicillin and 0.1 mg/ml of streptomycin at density 2 Â 10 6 cells/ml. The cells were allowed to adhere for 3 h to a 24-well culture flask at 37 C in a 5% CO 2 incubator. The culture was then washed twice with serum-free RPMI 1640 to remove non-adhering cells prior to the addition of 1 ml of fresh RPMI 1640 containing 10% FBS. Detection of the RNA expression level. Total cellular RNA was isolated by using TRIZOL (Life Technologies, Poole, UK). RNA was reverse transcribed into cDNA. An aliquot of RNA was mixed with a master mix containing a buffer for Maloney murine leukemia virusreverse transcriptase (MMLV RTase), 2 0 -deoxynucleoside 5 0 triphosphates (dNTPs), ribonuclease (RNase) inhibitor (8 units), reverse transcriptase from MMLV, and random hexamers (finally 2.5 mM), and incubated at 37 C for 60 minutes at 99 C for 5 min, and then at 4 C until needed for use. An aliquot of cDNA was mixed with MgCl 2 (finally 2 mM), a PCR buffer Taq DNA polymerase (0.5 units), a set of primers (IL-1, forward
, and 33 cycles of the PCR reaction (step 1, 45 sec at 94 C; step 2, 42 sec at 56 C; step 3, 30 sec at 72 C) were finally performed.
Nitric oxide assay. The amount of stable nitrite, the end product of NO generation by activated macrophages, was determined by a colorimetric assay. Briefly, 50 ml of the culture supernatant was mixed with an equal volume of the Griess reagent (1% sulfanilamide, 0.1% naphthylethylenediamine dihydrochloride, and 2.5% H 3 PO 4 ). This mixture was incubated at room temperature for 10 min. The absorbance at 540 nm was read by an SLT-spectra reader (SLT Lab Instruments, Austria). The nitrite concentration was determined by extrapolation from a sodium nitrite standard curve.
Cytokine assay. The culture supernatant was collected 24 h after the administration of PPC. The cytokine levels in the in vivo culture supernatants were determined by a standard sandwich enzyme-linked immunosorbent assay (ELISA) according to the instructions provided by the manufacturer (R&D Systems, Minneapolis, MN, USA). To quantify the amount of cytokine present in a test sample, the value was extrapolated from a standard curve established by analyzing different dilutions of recombinant murine IL-1, IL-6 or TNF-.
Cytotoxic assay. In a parallel experiment, cytotoxicity was determined by measuring the radioactivity incorporated into B16 melanoma cells after co-cultivating with macrophages for 24 h. The macrophages (2 Â 10 5 cells/ well) were first incubated in either the medium alone or in a medium supplemented with PPC (100 mg/ml) for 24 h in a 96-well plate. The target cells were incubated at 37
C for 2 h in a 5% CO 2 incubator, washed three times and counted, and then diluted to obtain a suspension with 2 Â 10 6 cells/ml. Both the effector and target cells were added to 96-well U-bottom plate to achieve a ratio of 20:1. At the end of the incubation, the cells were collected with an automatic multiwell harvester, and the amount of radioactivity incorporated into the target cells was counted by a liquid scintillation counter. The percentage of [
3 H]-TdR uptake inhibition was calculated by the following equation: cytotoxicity ð%Þ ¼ ½ðexperimental release À spontaneous releaseÞ= ðmaximum release À spontaneous releaseÞ Â 100%.
In a parallel experiment, lymphocytes from each mouse, prepared as already described, were used as the effector cells. The NK-sensitive cell line, YAC-1 (2 Â 10 6 cells/ml) was labeled in 20 ml of a [ 3 H]-TdR solution (specific activity of 3:7 Â 10 4 Bq). Both the effector and target cells were added to 96-well U-bottom plate to achieve ratios of 10:1, 25:1, and 50:1.
Statistical analysis. Unless otherwise indicated, each result is expressed as the mean AE S.D. of data obtained from triplicate experiments. A statistical analysis was performed by a paired Student t-test. Differences at p < 0:01 are considered statistically significant.
Results
Polysaccharide as the major component of PPC The water extract of P. linteus was successively precipitated with 95% ethanol, dialyzed against water and dried in vacuum to obtain crude PPC. This crude PPC was subjected to DEAE-cellulose ion-exchange chromatography and Sepharose CL-4B gel-permeation chromatography, resulting in the isolation of PPC. This PPC was separated into characteristic PPC (0.3 M NaCl) fractions in a DEAE-cellulose anion-exchange column. Its molecular weight was determined to be approximately 73 kDa by gel-permeation chromatography. Approximately 1.3% was recovered from the PPC fraction. PPC contained 73% polysaccharide and 16% protein, confirming it was protein-bound polysaccharide. The monosaccharide analysis showed that the moiety of PPC consisted of glucose (61%) and mannose (19%) ( Table 1 ). As shown in Table 2 , an abundance of hydrolysed amino acids was produced. Its protein portion predominantly consisted of aspartic acid and proline at 11% and 10%, respectively.
The FT-IR spectra of PPC and curdlan, usingglucan as the standard are shown in Fig. 1 . The band in the region of 3421 cm À1 indicates the hydroxyl stretching vibration of the polysaccharide. The band in the region of 2917 cm À1 was due to the C-H stretching vibration, and that in the region of 1653 cm À1 was due to associated water. The high positive value of the specific rotation and the characteristic absorption at 871 cm À1 in the IR spectrum are indicative of -glycosidic linkages between the individual glucosyl residues existing in PPC.
Induction of the proliferation of murine splenocytes by PPC
To investigate the immunomostimulatory action, we examined the effects of PPC on the proliferation of splenocytes. PPC (100 mg/ml) had no significant influence on the viability of splenocytes to 250 mg/ml (data not shown). Then, to determine the cell type affected by PPC, a proliferation assay was first performed on spleen cells using 3 [H]-TdR incorporation. As shown Fig. 2A , PPC was found to increase the proliferation of splenocytes in a dose-dependent manner. PPC at 100 mg/ml strongly increased cellular proliferation (8.3-fold). We also investigated the specific proliferation of positively selected T and B cells and found that PPC selectively increased the proliferation of B cells (Fig. 2B) . After 100 mg/ml of PPC stimulation, the B cell proliferation was found to be 8 times higher than that of unstimulated B cells. 11, 12) In particular, PPC like LPS was found to A, PPC was added at concentrations from 0 to 100 mg/ml to whole splenocytes. B, PPC at concentrations from 0 to 100 mg/ml was added to fractionate B or T cells. C, The mitogenic pattern of PPC (100 mg/ml) was compared to that of the reference mitogen, LPS (B cell mitogen, 5 mg/ml) in the absence or presence of polymyxin B (PB, an LPS inhibitor). After the incubation, the degree of lymphocyte proliferation was measured by incorporating [ 3 H]-TdR into cellular DNA. Significance was determined by using Student's t-test versus the chemically untreated control group ( Ã p < 0:01).
have a mitogenic effect on B cells, but not on T cells. To exclude possible contamination by endotoxin in the PPC preparation, the inhibitory effect of polymyxin B (PB) completely prevented the increased B-cell proliferation by LPS (Fig. 2C) . However, PB did not affect the action of PPC. Although PPC increased the proliferation of fractionated B cells, this might have resulted from the effect of PPC on the small proportion of contaminating LPS present.
Increased production of cytokines in peritoneal macrophages by PPC
Since cytokines play a pivotal role in the immune system, we examined the effect of a PPC treatment on cytokine gene expression in peritoneal macrophages. As shown in Fig. 3A , we also found that PPC strongly augmented IL-6 and TNF-genes at an early stage after about 3 h. IL-1 gene was slightly expressed in the early stage, after about 3 h, and powerfully expressed in the mid stages after about 6 h. We also investigated whether the protein level could induce inflammatory cytokine production from macrophages (Fig. 3B) . No statistical difference between PPC and LPS was apparent with respect to the level of IL-6 (38:6 AE 4:5 and 53:1 AE 6:7 pg/ml, respectively). In addition, less IL-1 (19:4 AE 3:5 pg/ml) and TNF-(24:4 AE 4:6 pg/ml) was released than with the LPS-treated macrophages. No exerted significant cytotoxicity as determined by trypan blue exclusion assay (data not shown).
Enhanced macrophage-mediated tumoricidal activity through the induction of NO by PPC NO has been associated with protecting the host against various microbial infections and tumors, so we measured the enhancement of the iNOS gene and NO as a macrophage activation marker. When macrophages were treated with PPC (100 mg/ml), we observed that the iNOS level in the cells was significantly increased (Fig. 4A) . Treatment with PPC for approximately 12 h was sufficient for full accumulation of iNOS. To find out whether the activation by PPC actually produced NO, the level of nitrite, the stable metabolite of NO, was also determined in the culture medium by using the Griess reagent. As shown in Fig. 4B , NO was also increased dose-dependently. This increase in NO is believed to have been due to the up-regulation of iNOS expression, , 9 or 12 h with 100 mg/ml of PPC. RNA was extracted, and PCR was performed as described in the Materials and Methods section. B, Peritoneal macrophages stimulated with 0-100 mg/ml of PPC and 5 mg/ml of LPS for 24 h, and the unstimulated control group (À). The activity of cytokines in the culture supernatant was measured as described in the Materials and Methods section. Significance was determined by using Student's t-test versus the control group ( Ã p < 0:01).
since the kinetics of nitrite production and the required dose of PPC for NO production were quite similar to those for the expression of iNOS. As shown in Fig. 4C , PB effectively inhibited the synthesis of NO induced by LPS, but had no effect on PPC. Together with the NO production and to investigate the cytotoxic activity, macrophages stimulated with PPC were co-cultured with B16 melanoma cells. As shown in Fig. 4D , PPC-treated macrophages enhanced the cytotoxicity (36:3 AE 1:9%), increasing 3-fold compared with the control group A, Peritoneal macrophages (1 Â 10 6 cells/ml) were plated in a 24-well plate and incubated for 24 h at 37 C in 5% CO 2 , before being stimulated for different times in the presence of 100 mg/ml of PPC. The mRNA level of iNOS was determined by RT-PCR with iNOS-specific primers. B, Peritoneal macrophages (1 Â 10 6 cells/ml) were incubated with PPC for 24 h to detect NO production. C, NO production of PPC (100 mg/ml) was compared to that of LPS in the absence or presence of polymyxin B (PB, an LPS inhibitor). The NO level in the culture medium was assayed by using the Griess reagent and by measuring the absorbance at 540 nm. D, The tumoricidal activity of macrophages against B16 tumor cells was evaluated by the [
3 H]-TdR-release assay, using the E/T ratio. The tumoricidal activity of macrophages against B16 melanoma cells was assessed in the presence or absence of PB (5 mg/ml) or L-NMMA (200 mM) by using as E/T ratio of 20:1. Data are presented as the mean AE S.D. of triplicate experiments. Significance was determined by using Student's t-test versus the control group ( Ã p < 0:01) that was untreated group.
(12:2 AE 2:3%). This effect was similar to that of LPS (42:31 AE 4:4%). In addition, PPC did not show any change of cell viability in the macrophages or B16 melanoma (data not shown). Taken together, the PPCinduced tumoricidal activity was dramatically decreased in the presence of L-NMMA (13:5 AE 4:5%), an NOS inhibitor, but not PB. These data further support the major role of macrophages in producing NO by direct lysis of B16 melanoma cells in vitro. Thus, PPC had no direct cytotoxicity and was capable of stimulating macrophages.
Augmented activity of NK cell against YAC-1 cells by PPC
The effects of PPC on natural killer cells is shown in Fig. 5 . We can see that the NK cell activity was significantly higher than that of the control group (p < 0:01). In respect of the test dosage ratio of effector to target, NK cytotoxicity was a maximum at 50:1 and its NK activity was increased by approximately 30%.
Discussion
We have reported from previous studies that 15 kDa of PPC induced the activation of macrophages, B cells and DC against tumor cells. 7, [11] [12] [13] Since PPC has been reported to exhibit various immunomodulating activities, we purified novel PPC and focused on its activation of lymphocytes and macrophages, investigating its capacity for the proliferation of lymphocytes, to augment the production of cytokines and NO by macrophages and to increase the cytotoxicity of NK cells. Our results demonstrate that PPC had typical immunostimulatory activity, in that it selectively activated B cells, macrophages and NK cells, but not T cells in vitro. In addition to, PPC and LPS had different properties, as indicated by the inability of PB to attenuate the activity of PPC, although PPC and LPS showed similar modes of action toward B cells and macrophages.
Lentinan is a stimulator of T cells and macrophages but does not increase the formation of antibodies from B cells. 14) Another glucan, schizophyllan, appears to be similar to lentinan in terms of its biological activity. 15) In the present study, we found that PPC increased the proliferation of splenocytes and B cells, but not T cells. It therefore has characteristics that are different from those of lentinan and schizophyllan. A polysaccharide isolated from the Ganoderma lucidium has been reported to directly activate B cells, but not T cells. 16) We have previously demonstrated that 15 kDa PPC selectively activated the expression of co-stimulatory molecules of B cells through protein tyrosine kinase and protein kinase C. 12) In this study, we found that novel PPC could significantly up-regulate the selective proliferation of B cells, like G. lucidum polysaccharide.
The induction of cytokine is one of the methods to measure the augmentation activity of macrophages. These play a pivotal role in controlling the homeostasis of the whole organism by inducting cell differentiation, proliferation and defense functions. IL-1 plays a key role in the cytokine network and is important for T cell activation in the immune response. 7, 17) Phagocytes and other antigen-presenting cells produce IL-1 in response to stimulation by a variety of microorganisms. 18, 19) TNFis a cytokine with tumor necrosis activity that is secreted mainly by macrophages, and has been recognized as an important host regulatory molecule. 20) IL-6 plays a crucial role in the host immune response, acute protein synthesis and the maintenance of homeostasis. It has previously been reported that PSK from Coriolus versicolor induced gene expression in human peripheral blood mononuclear cells (PBMC) for IL-1, IL-6 and TNF-in vitro 21) and induced gene expression and production of these cytokines in vivo by oral administration. 22) Some researchers have also reported that polysaccharides from G. lucidium could induce TNF-, IL-6 and IFN-from activated macrophages and T lymphocytes. 23, 24) In present study, we have demonstrated that PPC induced IL-6 and TNF-production from peritoneal macrophages in vitro. Moreover, it induced such other inflammatory cytokines as IL-1.
NO has been recognized as an important messenger in diverse pathophysiological functions, including immune modulation and cytotoxicity against tumor cells. 25) NO has been identified as the major effector molecule involved in the destruction of tumor cells by activated macrophages.
26) The cytotoxic action of LPS/IFN--activated primary mouse macrophages against guinea pig L10 hepatoma or mouse L1210 lymphoma cell lines was blocked by N ! -monomethyl-L-arginine (L-NMMA) mimicked by NO or acidified NO 2 À , and absent in macrophages from iNOS À=À mice. 27, 28) The administration of NOS inhibitors to mice has promoted the growth of several transplantable tumors, 29, 30) and melanoma C. Each data point shown is the mean value from three experiments. The differences were significant at the Ã p < 0:01 level at all three effector-to-target cell ratios. cells transfected with iNOS cDNA did not proliferate and metastasize well. 31) NO was investigated in this study to confirm the possibility that PPC might be an immunomodulator, and PPC was found to elicit NOmediated tumoricidal activity against NO-sensitive B16 melanoma cells. These results support the possibility that NO induction by PPC may contribute in vitro to tumoricidal activities. NO is considered to be a central molecule in the regulation of the immune response to tumors.
NK cells rapidly recognize and lyse a large variety of tumor and virus-infected cells, without the help of either prior sensitization or MHC-dependent recognition, which is different from cytotoxic T cells. 32) NK cells can lyse a variety of different tumor cells by exocytosis of perforin-containing granules, with subsequent formation of lytic pores by perforin on the target cell membrane. It was reported in the previous study that NK cells were not only responsible for the early effects of D-fraction on tumor growth, but also for the longterm tumor-suppressive effects of D-fraction, a polysaccharide from G. frondosa. [33] [34] [35] Our data suggest that PPC is an important biological response modifier of NK cells in vitro and may prove to be useful for the study of human NK cell biology.
Investigations to clarify its activation mechanism, including the discovery of the specific receptor for PPC and the signaling pathway for its activation, remain to be performed. Further studies on the carbohydrate compounds of basidiomycetes may be important in developing potent but safe immune modulators as well as in characterizing the mechanism for their effects on the immune system. A study on the in vivo induction of gene expression and production of immunomodulating cytokines in tumor-bearing mice is now in progress.
